Objective-To test the hypothesis that NF-E2-related factor 2 (Nrf2) expression plays an antiatherogenic role by its vascular antioxidant and anti-inflammatory properties. Methods and Results-Nrf2 is an important transcription factor that regulates the expression of phase 2 detoxifying enzymes and antioxidant genes. Its expression in vascular cells appears to be an important factor in the protection against vascular oxidative stress and inflammation. We developed Nrf2 heterozygous (HET) and homozygous knockout (KO) mice on an apolipoprotein (apo) E-null background by sequential breeding, resulting in Nrf2 Ϫ/Ϫ , apoE Ϫ/Ϫ (KO), Nrf2 Ϫ/ϩ , apoE Ϫ/Ϫ (HET) and Nrf2 ϩ/ϩ , and apoE Ϫ/Ϫ wild-type littermates. KO mice exhibited decreased levels of antioxidant genes with evidence of increased reactive oxygen species generation compared with wild-type controls. Surprisingly, KO males exhibited 47% and 53% reductions in the degree of aortic atherosclerosis compared with HET or wild-type littermates, respectively. Decreased atherosclerosis in KO mice correlated with lower plasma total cholesterol in a sex-dependent manner. KO mice also had a decreased hepatic cholesterol content and a lower expression of lipogenic genes, suggesting that hepatic lipogenesis could be reduced. In addition, KO mice exhibited atherosclerotic plaques characterized by a lesser macrophage component and decreased foam cell formation in an in vitro lipid-loading assay. This was associated with a lower rate of cholesterol influx, mediated in part by decreased expression of the scavenger receptor CD36.
A therosclerosis is a chronic inflammatory disease with both genetic and environmental components, 1,2 characterized by the deposition of lipids in the artery wall and the infiltration of inflammatory cells, such as monocytes and lymphocytes. Vascular oxidative stress is thought to be an important element in its pathogenesis. Indeed, oxidative modifications of low-density lipoprotein (LDL) in the subendothelial space with subsequent generation of foam cells is 1 of the earliest events in atherogenesis. 3 In addition, endothelial cells, macrophages, and smooth muscle cells are all sources of reactive oxygen species (ROS). 4 -6 Therefore, the interplay between pro-oxidant and antioxidant factors is likely to be of key importance, 7 although this notion has been questioned on the basis that oxidative modifications could be consequential, rather than causal, to atherosclerotic lesion formation. 8 Vascular cells express an extensive repertoire of antioxidant genes and phase 2 detoxifying enzymes regulated by a transcription factor, NF-E2-related factor 2 (Nrf2). Nrf2 is a member of the Cap and Collar subfamily of basic leucine zipper transcription factors that act through the formation of a heterodimer with 1 of the small Maf proteins 9 and bind to a cis-acting enhancer sequence, known as the antioxidant response element, 10 -13 in the 5Ј-flanking regions of its target genes. 12 Although the regulation of Nrf2 activity is not completely understood, it appears that its subcellular distribution plays a key role. 14 Under oxidative stress caused by electrophilic agents, Nrf2 detaches from its repressor Keap 1 and escapes proteosomal degradation to translocate into the nucleus, resulting in enhanced transcriptional activation of its targets. 11, 12 Cumulative evidence supports the overall antioxidant role of Nrf2 expression. Nrf2 knockout (KO) mice exhibit decreased expression of antioxidant genes, resulting in increased tissue oxidative stress and toxicity in the liver, 15, 16 lungs, 17 and brain 18 ; and greater activation of the innate immune response. 19 Nrf2 antioxidant functions may also be important in vascular diseases. 20 -22 Indeed, expression levels of Nrf2-regulated heme oxygenase-1 (HO-1) and glutathione peroxidase-1 play a protective role in atherogenesis, 23, 24 paralleling the antioxidant and anti-inflammatory effects of HO-1 demonstrated in other models of vascular inflammation, such as immediate allograft rejection 25 and ischemia reperfusion. 26 Therefore, we hypothesized that Nrf2 expression plays an antiatherogenic role by its vascular antioxidant and anti-inflammatory properties.
In the present study, we used Nrf2 homozygous and heterozygous KO mice in the apolipoprotein (apo) E-null background to test our hypothesis. Surprisingly, total absence of Nrf2 expression resulted in decreased atherosclerotic lesions, in agreement with a report from Sussan et al, 27 but in a sex-dependent manner. However, partial Nrf2 deficiency did not influence atherogenesis. We conclude that total, but not partial, Nrf2 deficiency protects against atherosclerosis, likely by a combination of systemic metabolic and local vascular effects that outweigh protection against suspected atherogenic factors. In addition to previously known effects of Nrf2 on the expression of antioxidant genes and CD36, the results in this study uncover novel effects of Nrf2 on plasma lipoprotein and glucose levels, hepatic lipid content, lipogenic gene expression, and macrophage lipid accumulation and deposition in aortic lesions.
Methods
We developed Nrf2 heterozygous and homozygous KO mice on an apoE-null background by sequential breeding. Mice were used to evaluate atherosclerotic lesion formation and peritoneal macrophage functions. Details on reagents, animals and diet, histological and immunohistochemistry results, lipid and Malondialdehyde (MDA) measurements, lipid-loading and cholesterol efflux and influx assays, realtime quantitative PCR analysis, flow cytometry, and statistical analysis are provided in the supplemental material (available online at http://atvb.ahajournals.org).
Results

Expression of Nrf2 Leads to Increased Atherosclerosis
We used Nrf2 Ϫ/Ϫ , apoE Ϫ/Ϫ (KO), Nrf2 Ϫ/ϩ , apoE Ϫ/Ϫ (HET) and Nrf2 ϩ/ϩ , and apoE Ϫ/Ϫ wild-type (WT) mice to assess the effect of Nrf2 expression levels on atherogenesis. HET mice exhibited 50% of WT Nrf2 mRNA levels in the liver (supplemental material). Decreased or absent Nrf2 expression led to dose-dependent effects on the hepatic expression levels of Nrf2-regulated antioxidant genes, such as NADPH-quinone oxidoreductase-1 and catalase, and trends (PϽ0.2) toward increased hepatic lipid peroxidation (supplemental Figure I ). We assessed aortic atherosclerosis in sex-matched 14-week-old mice of all 3 genotypes when fed a chow diet. Surprisingly, KO males exhibited a 47% reduction in atherosclerotic lesion size (7998Ϯ2037 m 2 per section) compared with HET males (14 963Ϯ1934 m 2 per section) (Pϭ0.03) and a 53% reduction when compared with WT controls (16 992Ϯ4261 m 2 per section) (Pϭ0.045) ( Figure 1A ). Likewise, KO females showed an 18.5% decrease in atherosclerotic lesion size (26 659Ϯ8387 m 2 per section) compared with WT littermates (32 727Ϯ6772 m 2 per section), although this was not statistically significant ( Figure 1A ). There were no differences between WT and HET mice. Atherosclerotic plaques were of an early stage (fatty streaks). Total lack of Nrf2 appeared to affect the development of more advanced lesions; we also observed suggestive differences in chow-fed 54-week-old KO male mice that displayed a 26% decrease in aortic atherosclerosis scores (468 250Ϯ70 478) compared with WT littermates (630 139Ϯ72 674) (Pϭ0.15) (supplemental Figure II) .
Nrf2 expression was strongly upregulated in all main cell types involved in atherosclerotic lesions, such as endothelial cells, macrophages, and smooth muscle cells of WT mice, as judged by Nrf2 immunohistochemical analysis ( Figure 1B ). Compared with WT mice, KO mice exhibited a 35% reduction in the macrophage-stained area of their atherosclerotic lesions, as determined by MOMA-2 immunohistochemistry results ( Figure 1C ). Thus, absence of Nrf2 expression not only led to reduced atherosclerotic lesion size but also altered composition of the plaques.
Nrf2 Expression Influences Macrophage Lipid Loading
We explored whether KO macrophages had lower expression levels of chemotactic factors, such as monocyte chemotactic protein (MCP)-1, or exhibited reduced lipid loading, which could explain the decreased macrophage contribution to atherosclerotic plaques by less monocyte migration or foam cell formation. Thioglycollate-elicited peritoneal macrophages were harvested from KO, HET, and WT mice and were stimulated with oxidized LDL (oxLDL), hemin or left untreated with media alone (baseline). Hemin was chosen as an alternative stimulus that is known to induce oxidative stress and activate Nrf2.
Compared with male WT macrophages, male KO cells displayed higher levels of MCP-1 mRNA ( Figure 2A ) and protein expression ( Figure 2B ) and higher levels of murine homologue for IL-8 mRNA (supplemental Figure IIIA) , which paralleled increased MCP-1 mRNA expression in the liver (supplemental Figure IIIB) ; there was also a borderline significant trend toward greater plasma protein levels in male mice (23.6 versus 16.6 pg/mL; nϭ5 to 6 per group; Pϭ0.059). Increased MCP-1 expression correlated with greater generation of ROS, as evaluated by 2Ј,7Јdichlorofluorescin fluorescence ( Figure 2C ), which was consistent with a previous report in HO-1 Ϫ/Ϫ versus HO-1 ϩ/ϩ macrophages. 28 More oxidative stress in KO macrophages was associated with lower expression levels of Nrf2-regulated antioxidant genes, NADPH-quinone oxidoreductase-1, catalase, and HO-1 ( Figure 2D ). Therefore, in agreement with our determinations in the liver, male Nrf2 KO macrophages exhibited evidence of greater oxidative stress and proinflammatory factors compared with WT. Interestingly, these effects were much less pronounced or even absent in female cells and livers (supplemental Figure IV) .
We also assessed the influence of Nrf2 on foam cell formation. KO peritoneal macrophages exhibited significantly lower lipid loading (PϽ0.05) than WT controls, both from female ( Figure 3A and 3B) and male ( Figure 3C ) mice. HET macrophage lipid loading was intermediate between WT and KO cells ( Figure 3C ), in apparent dissociation of the aortic atherosclerosis outcomes.
Nrf2 Expression Affects Cholesterol Transport and Lipid Metabolism
We evaluated cholesterol efflux in 3 H-cholesterol-loaded peritoneal macrophages harvested from KO and WT mice in the presence of high-density lipoprotein (HDL) as an acceptor. Nrf2-depleted macrophages showed less cholesterol efflux compared with WT macrophages (PϽ0.05) ( Figure 4A ). This correlated with decreased expression of ATP-binding cassette, subfamily G, member 1 and a trend (Pϭ0.09) toward decreased expression of scavenger receptor B1, genes that are both involved in cholesterol transport ( Figure 4B ). There were no significant differences in the levels of ATP-binding cassette, subfamily A, member 1 (data not shown).
Next, we evaluated lipid influx by assessing 1,1Јdioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine (DiI)-oxLDL and DiI-acetylated (Ac) LDL uptake. KO macrophages exhibited a lesser degree of uptake compared with WT controls ( Figure 4C and supplemental Figure V ). HET macrophages displayed cholesterol uptake that was intermediate between WT and KO cells ( Figure 4C ). Decreased cholesterol influx exhibited by KO macrophages correlated with decreased CD36 mRNA expression levels after stimulation with oxLDL ( Figure 4D) , an important scavenger receptor involved in macrophage uptake of both oxLDL and AcLDL. 29 On the contrary, there were no significant differences in the expression of the oxLDL (lectinlike) receptor 1 (LOX1) scavenger receptor and there was an increase in scavenger receptor A mRNA and protein levels that would not explain the decreased lipid uptake (data not shown). We concluded that the degree of reduction in cholesterol influx must outweigh the reduction in cholesterol efflux, resulting in lower lipid loading in vitro, which could be responsible, at least in part, for the decreased macrophage-stained area of atherosclerotic plaques in KO mice.
The alterations in cholesterol transport at the cellular level were accompanied by significant changes in plasma lipoprotein levels in a manner akin to the aortic atherosclerosis outcomes. Thus, 14-week-old male and female KO mice exhibited lower levels of plasma total cholesterol because of a substantial reduction in the non-HDL cholesterol fractions (PϽ0.05) (Table) . Similar results were seen in male KO mice at the age of 54 weeks (PϽ0.05) (supplemental Table I ).
Male, but not female, total plasma cholesterol and non-HDL/ HDL ratios correlated positively with the aortic atherosclerotic scores ( Figure 5A and supplemental Figure VI) . Interestingly, male KO mice had lower levels of LDL and intermediate-density lipoprotein particles than female KO counterparts, as judged by fast protein liquid chromatographic analysis (supplemental Figure VII) ; male KO mice also had a lower hepatic cholesterol content ( Figure 5B ). KO mice displayed lower levels of unesterified cholesterol, free fatty acids, and glucose (Table) and downregulation of hepatic genes involved in lipogenesis and gluconeogenesis. Thus, compared with WT controls, KO male livers displayed reductions in the mRNA levels of malic enzyme 1 (Me1) (PϽ0.05), lipin-1 (PϽ0.05), and diacylglycerol acyl transferase (DGAT1) (Pϭ0.056) ( Figure 5C ) and trends toward decreased levels of fatty acyl synthase (Pϭ0.14) and glucose 6-phosphate dehydrogenase (Pϭ0.2) (supplemental Figure  VIII) . Female mice also displayed significant reductions in hepatic Me1 and lipin-1 (PϽ0.05) but not in DGAT1 mRNA levels ( Figure 5C ). No changes were noted in genes involved in lipid catabolism, such as acyl coenzyme A oxidase or carnitine palmitoyl transferase.
Discussion
Our study reveals that total, but not partial, Nrf2 deficiency protects against atherosclerosis in a sex-dependent manner. We generated Nrf2 KO mice in the apoE-null background to test our hypothesis that Nrf2 deficiency would result in greater atherosclerosis because of increased tissue oxidative stress and vascular inflammation. These mice were fed a chow diet to more closely mimic human lipoprotein levels. However, contrary to our hypothesis, chow-fed male KO mice exhibited decreased atherosclerotic lesion formation with decreased macrophage content. Our results are in agreement with those of Sussan et al, 27 who used other Nrf2 Ϫ/Ϫ and apoE Ϫ/Ϫ mice fed a high-fat diet. Several differences in the experimental designs may be responsible for several contrasting effects, shown in detail in supplemental Table II . In contrast to this previous work, Nrf2 effects on atherosclerotic lesions, inflammation, and plasma lipoproteins were sex dependent and most prominent in males in our study (supplemental Table III) .
To gain a better understanding of the mechanism(s) by which Nrf2 deficiency protects against atherosclerosis in males, we examined several factors known to contribute to the disease and compared their effect in males versus females and in heterozygotes versus homozygotes. Of all factors evaluated, the levels of plasma lipoproteins most closely resembled the sex-and genotype-dependent pattern exhibited by atherosclerotic lesion formation (Table) . Our study strongly suggests an important role for decreased cholesterol levels in the decreased atherosclerosis noted in male KO mice. KO mice exhibited markedly lower plasma total and non-HDL cholesterol compared with HET and WT littermates, effects that were most pronounced in males and that resulted in positive correlations between aortic atherosclerotic scores and both plasma total cholesterol ( Figure 5A ) and non-HDL/HDL cholesterol ratios (supplemental Figure VI) in males but not in females. Moreover, KO mice exhibited lower hepatic cholesterol content than WT controls, which was also more pronounced and significant in males (Pϭ0.007) than in females (Pϭ0.17) ( Figure 5B) .
In both sexes, Nrf2 deficiency led to reduced expression of Me1 and lipin-1, indicating that Nrf2 may have a role in the regulation of lipogenic genes ( Figure 5C ). Me1 participates in the regeneration of pyruvate from malate back to the mitochondria and assists with the release of acetyl-coenzyme A and NADPH from the mitochondria into the cytosol. Decreased Me1 could lead to lower NADPH content, resulting in decreased lipogenesis and gluconeogenesis, with lower levels of total cholesterol and glucose, as shown by Me1 Ϫ/Ϫ mice. 30 Lipin-1 is a phosphatase enzyme that converts phosphatidate to diacylglycerol during triglyceride and biosynthesis of phospholipids. 31 However, the fact that both enzymes were reduced in KO livers from both sexes makes it less likely that they are responsible for the sex-dependent effects on atherosclerosis. Interestingly, hepatic DGAT1, responsible for the final step of triglyceride synthesis, was reduced in male mice only. Although changes in DGAT1 expression cannot explain the increased hepatic triglyceride content observed in KO mice (supplemental Figure IX) , the apparent dissociation between liver and plasma triglyceride levels could respond to sex-specific effects on the release of triglycerides to the circulating lipoproteins. In addition, DGAT1 expression levels could play a role in the sexdependent effects noted on hepatic MCP-1 levels. Indeed, DGAT1 protects against the lipotoxic effects of fatty acids in skeletal muscle 32 and macrophages, 33 leading to reduced inflammation. Thus, lower DGAT1 levels in male, but not in female, KO livers could have resulted in decreased protection Figure 4 . Cholesterol transport. A, Cholesterol efflux was determined in triplicate in wells of peritoneal macrophages from WT and KO male mice, loaded with 3 H-cholesterol overnight and incubated with media as a control or HDL (25 and 50 g/mL) for 6 hours. The degree of efflux is expressed as the radioactivity in the media divided by the sum of radioactivity in the media plus the cells. B, mRNA levels of scavenger receptor B1 and ATP-binding cassette, subfamily G, member 1 (ABCG1) were quantified by quantitative PCR in macrophages of WT and KO male mice after no treatment (media) or after 4 hours of treatment with oxLDL (100 g/mL) and normalized against ␤-actin. C, Cholesterol influx was assessed in quadruplicate in wells of peritoneal macrophages from WT and KO male mice after 24-hour incubation with 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine-oxLDL (10 and 50 g/mL) in the presence or absence of 20-fold excess of nonlabeled competitor (oxLDL) or media alone. Fluorescence intensity was quantified using a fluorescence plate reader (excitation, 530 nm; emission, 590 nm). D, mRNA levels of CD36 quantified in peritoneal macrophages of WT, HET, and KO male mice, as in B. Values shown are meanϮSEM from 1 representative experiment. *PϽ0.05, **PϽ0.005, and ***PϽ0.0005. against fatty acid toxicity and increased expression of inflammatory markers, such as MCP-1, which occurred only in male KOs.
We also explored whether changes to macrophages might explain the decrease in atherosclerosis. Male KO mice, compared with WT controls, exhibited evidence of greater ROS generation and expression of proinflammatory cytokines in macrophages and the liver (Figure 2 and supplemental Figure III) , consistent with previous studies. 19, 34 These findings were less pronounced or even absent in females (supplemental Figure IV and Table III ). However, these results did not explain the surprising decrease in atherosclerosis in male mice because increases in cytokines and ROS generation have been associated with increased atherosclerosis in several mouse models.
The lower macrophage area in KO atherosclerotic plaques raised the possibilities of decreased monocyte migration and/or retention in the aorta, decreased inflammatory/immune status, and accelerated removal of lesional macrophages by apoptosis or macrophage emigration. However, our data suggest that none of these are likely to be responsible for the reduced atherosclerosis in male KO mice. Thus, male KO macrophages exhibited increased MCP-1 expression ( Figure  2 ) and Nrf2 Ϫ/Ϫ mice have developed strong inflammatory and immune responses against both endogenous 18 and exogenous 19 stimuli. Although KO peritoneal macrophages were more susceptible to ROS-inducing conditions, such as a treatment with cadmium chloride (supplemental Figure X) , we did not observe significant differences in the degree of apoptosis in atherosclerotic lesions from KO versus WT mice by the TUNEL assay (data not shown), making it less likely that differences in the degree of apoptosis accounted for the plaque composition changes noted in vivo. Alternatively, KO mice could have exhibited a greater degree of macrophage efflux from their atherosclerotic plaques than WT littermates, as reported in a robust model of plaque regression 35 ; however, this may be less likely to occur in early fatty streaks under conditions of increased ROS formation, as observed in KO mice. Last, the decreased macrophage-stained area in KO lesions could have been the result of decreased size of lesional macrophages because of decreased lipid loading.
Indeed, Nrf2 deficiency resulted in decreased cholesterol influx in macrophages, which correlated with lower CD36 expression. This was consistent with similar reports. 27, 36 However, because Nrf2 effects on lipid loading were sex independent and HET macrophages exhibited an intermediate degree of lipid loading between KO and WT cells (Figure 3) , it is clear that Nrf2 effects on CD36 expression and cholesterol influx can only partly explain its overall effects on atherogenesis. Instead, a significant upregulation of scavenger receptor A in KO macrophages was observed. This scavenger receptor A protein could be less active, perhaps by posttranslational modifications, such as phosphorylation, 37 or its upregulation may be offset by the downregulation of CD36 or other pathways mediating decreased cholesterol influx. Thus, changes to macrophages in KO mice did not explain the difference in atherosclerosis between males and females.
Although both the present study and the study by Sussan et al 27 show a decrease in atherosclerosis in Nrf2-null mice, effects on cholesterol levels were not seen in their study and there was no evidence of a preferential effect on male mice. One possible reason for this difference is the feeding of a high-fat diet that strongly elevates plasma cholesterol levels, which might have obscured the role of Nrf2 in the regulation of lipid metabolism. The study by Sussan et al emphasized an effect of Nrf2 KO on macrophage cholesterol influx. We also observed this effect, but it was not sex specific, as previously discussed. An important caveat in our studies of peritoneal macrophages and liver is that, although they are informative, they did not provide a direct assessment of changes occurring in the vascular wall. Thus, it remains possible that other elements beyond those analyzed herein may contribute to the observed outcomes.
In conclusion, Nrf2 expression results in the promotion of atherosclerosis in a sex-dependent manner, likely by a combination of systemic metabolic and local vascular effects. Our study revealed important new effects of Nrf2 that may involve the regulation of lipid metabolism, particularly plasma cholesterol levels. These effects may need to be considered when using antioxidant therapies that elevate Nrf2 expression. 
